Abstract. We demonstrate a nanopatterning technique for silicon photovoltaics, which optically outperforms conventional micron-scale random pyramids, while decreasing by a factor of ten the quantity of silicon lost during the texturing process. We combine hole-mask colloidal lithography, a bottom-up nanolithography technique, with reactive ion etching to define nanopyramids at the surface of a silicon wafer. Thanks to the self-organised aspect of the technique, the beads are randomly distributed, however keeping a interbead distance of the order of their diameter. We tune the nanopattern feature size to maximize the absorption in the crystalline silicon by exploiting both anti-reflection and light trapping. When optimized, the nanopyramids lead to a higher absorption in the crystalline silicon than the conventional micron-scale random pyramids in the visible and near the band edge, with a superior robustness to variations of the angle of the incident light. As the nanopatterning technique presented here is simple, we expect that it could be readily integrated into the crystalline silicon solar cell fabrication processing.
Introduction
Since decades, solar cells based on crystalline silicon (cSi) have been dominating the photovoltaic market. Enhancing the power conversion efficiency of this type of solar cell, while, at the same time, decreasing fabrication costs is an important short-term strategy to increase the competiveness of photovoltaic energy generation with respect to conventional energy sources. As the silicon material itself represents an important contribution to the cSi solar cells fabrication costs, the thickness of the cells is one of the issues to tackle. It is necessary to thin down the solar cells as much as possible without compromising their efficiency, and even enhancing it. As cSi has a relatively low absorption coefficient on a broad spectrum, keeping a high efficiency means tackling the losses in absorption, and therefore also in current. In present commercial cSi solar cells, this is commonly done by texturing the front surface of the solar cell with randomly distributed pyramids. These typically have a height of a few microns and a broad size distribution. As this texturing is obtained by anisotropic hydroxide solution etching, the pyramids feature sidewalls with a slope of 54.7 [1] . Record efficiencies for single-junction silicon solar cells were obtained by solar cells textured with periodic inverted pyramids using a multi-step method involving photolithography, which is not compatible with industrial solar cell manufacturing. These inverted pyramids also have a typical scale of several microns, thus much larger than the wavelength of the absorbed visible and near infrared light [2] . Both these types of textures rely on refraction and reflection of light to enhance the absorption, and as a result, also the photocurrent generated by the solar cell. The commonly accepted absorption enhancement limit for these types of textures is that of a randomly nanotextured surface, with a lambertian scattering pattern, i.e. that scatters all incident light with a cosine angular profile. Another common feature of both these textures is a cSi material consumption of 10-15 µm thickness from each wafer sides, which means that they can only be applied to silicon wafers that are much thicker than that.
Recently, it has been proposed to surpass this absorption efficiency by using a wavelength-scale periodic texturing with a feature size and period of a few hundreds of nanometers, comparable to the wavelength of the desired spectral range (i.e. 300-1170 nm for cSi [3] ). More specifically, the potential of periodically nanotexturing crystalline silicon layers for light absorption enhancement has recently been demonstrated [4, 5] . Moreover, as nanoscale texturing can consume a small quantity of material, it can be applied to solar cells that are only a few microns thick. Several preliminary studies on such very thin cSi cells showed that the patterning steps required to realize the nanoscale texture can be integrated into a cSi cell process flow [6, 7] . Finally, the use of a subwavelength texture with a tapered profile, resulting in a gradually changing refractive index can assist in coupling light into the cell [4, 8, 9] .
Here, we demonstrate a nanotexture with a submicron material consumption that yields a pyramidal nanopattern with a short-range and disordered pattern. This allows for broader diffraction resonances compared to a periodic nanopattern, without completely losing diffraction, as it would be the case for a purely random texture [8, 10] . It produces thus a high absorption on the whole spectrum of interest for silicon solar cells (300-1170nm). The nanotexture is obtained by combining hole-mask colloidal lithography (HCL) [11] , a bottom-up lithography technique, in combination with reactive ion etching. The HCL technique was originally developed for the fabrication of metal nanoparticles or nanopatterned metals and has been applied, amongst others, for light trapping in PV [12, 13] . We demonstrate the optical performance of such a nanoscale near-random texturing on silicon wafers. First, we will describe our experimental approach and the resulting topography, followed by the discussion of its optical properties as well as the robustness to variations of the angle of incidence of light.
experiments
Hole-mask colloidal lithography and dry etching were employed to nanopattern the front surface of 700 micron-thick mirror-polished (100) cSi wafers, as schematically shown in Fig. 1 . Samples with a size of 2x2 cm 2 were solvent-cleaned and treated in an O 2 plasma for 120 s at 200 W to obtain a hydrophilic surface. This was followed by the subsequent drop casting of an aqueous solution of 0.2 wt% of poly(diallyldimethylammonium chloride) (PDDA) and a colloidal solution containing 0.2 wt% negatively charged polystyrene (PS) nanobeads (sulfate latex, invitrogen) with a diameter of either 140, 200, 400, or 500 nm. The sample surface was then rinsed with deionized water, and nitrogen dried. The electrostatic repulsion between the deposited beads leads to a mean surface-to-surface distance similar to their diameter, resulting in a near short-range order. At the same time, the attraction between the beads and the positively charged PDDA allows to keep the particles at a fixed position during the lithography process. A thin film of 50 nm of Al is then deposited by thermal evaporation. Using a residue-free adhesive tape, the beads and the Al covering them are removed, leaving nanoholes in the Al thin film. The spacing between the holes and their diameters are determined by the separation distance and size of the removed nanobeads. The pattern is transfered into the silicon surface with a reactive ion etching (RIE) step using a combination of SF 6 and O 2 gases at low pressure. Finally, the Al mask (and possible resist residues) were removed by dissolution in OPD (Tetramethylammonium Hydroxide in water, an organic base used as a positive resist developer due to its reactive properties with metals). A low concentration is used, i.e. < 5 wt%, in order not to etch silicon as well. Figure 1 . The nanopattern process: hole mask colloidal lithography followed by dry etching.
Micron-scale random pyramid textures (typical texturing for industrial wafer based solar cell technologies [1] ) were obtained by etching a cSi wafer in a potassium hydroxide (KOH) solution. They were used for optically benchmarking the nanopattern described above. The resulting microtexturing consists of randomly distributed pyramids with dimensions of 5-7 µmm and 15-20 µmm material waste during their formation.
The topography of the nanopattern was analyzed utilizing scanning electron microscopy top views (SEM) and cross-section views (XSEM), and its optical properties were assessed with spectrally resolved reflection and absorption measurements using an integrating sphere. The absorption was measured by suspending the sample inside the integrating sphere and measuring at once the reflected and the transmitted light. During these measurements, any light emerging from the sample is collected. Moreover, this technique offers the possibility of varying the angle of the incident light by rotating the sample inside the sphere.
Results and discussion

Nanopattern topography
An essential parameter of the nanopatterning method described here is the distribution of the PS beads on the surface of the wafer. It is this distribution that will determine the order and influence the feature size of the pattern transferred into the cSi material in the subsequent RIE etching step. As shown in Fig. 2 , the beads have a short-range order with an average border-toborder distance similar to their diameter. The order is due to a combination of effects that include the electrostatic repulsion between the negatively charged PS beads and attraction between the beads and the positively charged wafer surface, as detailed above. In addition, the beads and the liquid strongly interact as the PS bead dispersion dries.
Preserving the colloidal particles at their original position obtained in the initial adsorption process is necessary to obtain a homogeneous well-covered surface. During the drying process, the PS beads are at a given point only partially immersed in water with a subsequent deformation of the liquid surface that gives rise to capillary attractive forces between the beads. These lateral interactions caused by the curved water meniscus between the beads bring about a high tendency for agglomeration.
It can be shown that in case of partially immersed spherical particles with equal radii the capillary forces are proportional to the square of the radius of the involved particles and to the surface tension of the liquid. Decreasing the surface tension of the liquid can therefore reduce agglomeration. This can be achieved by pre-coating the surface with a non-ionic surfactant (here, Triton X100) or by rinsing it with hot water at 95 o C after the beads deposition, since surface tension decreases with temperature. Our standard protocol (schematically shown on Fig. 1 ) leads to aggregates (as shown on Fig. 3 ) whereas the use of the surfactant and the hot water process further improves the surface distribution and coverage by reducing beads agglomeration (Fig.  2) . However, the square-law dependence of the capillary interaction with the radii of the beads becomes critically high when bigger beads are involved, leading to non-uniform distribution and partial agglomeration. After the bead deposition, the Si wafer with the PS beads on its surface is coated with a thin film of Al by thermal evaporation, followed by the removal of the beads. This Al layer, that features nanoholes defined by the PS beads, is then employed as an etch mask when the nanopattern is translated into the cSi material by RIE etching.
As one can see from Fig.4 , the shape of a single feature of the pattern is square as seen from above and inverted pyramidal as seen from the side. This remarkable etch shape is due to the mixture of SF 6 and O 2 gases during the RIE plasma process step, along with the presence of the Al hard mask, which altogether interact and result in a crystal orientation dependent etching, a similar mechanism has been reported in [14] and we study it in detail in other contributions [15, 16] . 
Optical results and comment on the effect of some topographical parameters and the reflectance curves
For our study, we chose polished crystalline silicon wafers with a thickness of 700 microns. As a result, light with wavelengths of up to 1000 nm that is coupled into the wafer will be completely absorbed before it reaches its rear side. However, due to the decreasing absorption coefficient near the cSi bandgap, light in the spectral range between 1000-1170 nm might still reach the rear surface, where it can be reflected. Therefore, at short and average wavelengths, the optical properties of the sample will be completely determined by front side features, whereas light trapping effects by reflection at the rear surface become important for wavelengths near the bandgap.
We performed reflectance measurements utilizing an integrating sphere to determine the optical properties of nanopatterned Si wafer resulting from various PS bead sizes. The integrating sphere allows to measure the full reflectance of the sample on the halfspace of incidence, with a near-normal incident angle of 8 o . When varying the PS bead size and measuring the reflectance of the nanopatterned Si wafer, we obtain spectra with similar spectral shape, but with very different absolute values. One can see on Figure 5 that the total reflectance curves vary from a level similar to that of bare silicon to a very low level, in average below 10%. The highest reflectance is given by the largest beads. This difference can be explained both by the agglomeration of big beads during the HCL process (see Figure 3 above) as well as the increasing average bead-to-bead distance. This leads to large fractions of the wafer surface that remain flat for the larger PS bead sizes, reflecting a significant amount of light. As a comparison, the total reflectance of a flat polished and of a pyramid microtextured cSi wafers are shown. The reflectance given by the HCL nanopatterning is around 5%, below the traditional pyramidal patterning [1] shown in red dots on the figure.
In addition to reflectance measurements we performed direct absorption measurements to further compare the properties of this nanopatterning to the state of the art used in typical cSi solar cells, which contains random pyramids of 5-10 microns size, fabricated by wet etching in KOH. We directly measured the sum of reflection and transmission together by suspending the sample inside the sphere, and deduced the absorption as A=1-R-T. This allowed us to simultaneously vary the angle of incidence, in order to study the angular robustness of our results.
One can see on Fig.6 that the nanopattern yields an absorption in the cSi wafer which is mostly surpassing that of the random pyramids. Angularly, the achieved result is even better. We explain this combination of results by the following aspects:
• the front side reflectance is decreased thanks to the pyramidal shape of the front side nanopatterning by a progressive change in the refractive index. It has been shown [4] that at dimensions of patterning equal or smaller than the wavelength range, non-vertical sidewalls allow an effect similar to a graded index effect, and help further decrease the reflectivity compared to perfect vertical sidewalls.
• Concerning the absorption at long wavelength, i.e. near the band edge, although a periodic patterning at the wavelength scale is expected to enhance the light trapping for selected wavelengths [3, 10] , it has been demonstrated for the case of thin membranes, that a dose of disorder can help broadening the resonances offered by perfect periodicity. In fact Vynck et al. [10] propose a novel concept of amorphous photonic quasicrystal where they show that, on one hand adding disorder in the photonic lattice decreases slightly the photon lifetime of the structure because the modes quality factor decreases, and on the other hand, for the same reasons, a symmetric behavior of resonance spectral broadening appears. We do not deal here with a membrane but with a relatively thick layer compared to the optical wavelength, however, a front side periodic nanopatterning would still show diffraction resonances, on which a slight disorder may have a similar effect of resonance broadening. Finally the angular evolution of the absorption is an important aspect for the annual energy yield of a solar cell device. Present solar cells lose around 3% [17] of their annual yield due to the angular mismatch between laboratory and real illumination conditions. Therefore, a better angular robustness is an important added value and contributes to Spectrally integrated absorption Nanopattern Random pyramids at the micron scale Figure 7 . Evolution of the integrated absorption of the two patternings (with an AM15 standard solar spectrum) with respect to the incidence angle of light increasing the solar modules yield, in addition to increasing the AM 1.5G efficiency.
As opposed to micropatterning, where the geometrical aspect of the patterning yields a very strong dependence on the angle of incidence because the incident light interacts with flat surfaces at fixed angles, nanopatterning acts on the wave nature of light, and increasing the angle of incidence of light has mainly the impact of slightly changing (by a cosine factor) the effective dimension of the pattern seen by the incident light. This can slightly shift resonances, but given the broad character of the resonance we are dealing with, the effect on the properties on a broad spectrum is negligible. This results in a very robust angular behavior.
Conclusion
We present a nanopattern that efficiently acts as an anti-reflection and light trapping layer when applied at the front side of cSi wafers. The absorption enhancement achieved with this nanopattern is higher than that of random micron-sized pyramids, while consuming less than one micron thickness of material. This reduced material consumption is currently gaining interest due to present developments in decreasing silicon consumption and therefore cSi solar cell thickness to reduce costs. The recent development in thin crystalline silicon foils (one to forty micron) processing [18] can therefore fully benefit from this patterning. The cSi nanopattern presented here with its excellent antireflection and light trapping capabilities might therefore find application in highly efficient, ultra-thin cSi solar cells. [19, 20, 18] . Alternatively despite the importance of decreasing the material consumption, the PV system cost is a difficult item to decrease. This means that the efficiency of solar cells, even thinner thanks to the novel technology presented here, needs to stay high. Therefore, given the proof-of-concept presented here, an optimization of the nanopatterning parameters is the pathway to even further increasing the maximum current achievable.
